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A B S T R A C T

We used mouse CRC cell line (MC38) to establish a heterotopic mouse model, and applied [89Zr]-labeled PD-L1
antibody KN035 for PET imaging. Attenuated Salmonella typhimurium 3261 was used as an anti-tumor vaccine,
and the combined anti-tumor immunotherapy with bivalent genetic vaccine and anti-PD1 antibody Nivolumab
was conducted. MicroPET was performed to observe the changes of tumor tissues and expression of PD-L1. We
found that the recombinant double-gene plasmids were stably expressed in COS7 cells. Study results showed the
combined immunotherapy improved the effectiveness over genetic vaccine alone. This study supports that
combination of genetic vaccines and anti-immunocheckpoint immunotherapy can inhibit MC38 tumor growth.
1. Introduction

Colorectal cancer (CRC) is the second leading cause of cancer death
worldwide, with poor 5-year overall survival after surgery [1, 2]. The
5-year survival rate for patients with distant metastases was about 12%
[3]. At present, chemotherapy is the main treatment means for local
metastasis of CRC, but the effect is not significant; for patients with
distant metastasis, the efficiency of chemotherapy is even lower [4, 5].
Nowadays, immunoregulation and immunotherapy for cancer diseases
has gained due attention. As tumor progression in consequence of
resistance to chemical and radiotherapy remains sensitive and appro-
priate for immunotherapy [6, 7], immunotherapy should be a better
choice for CRC patients. The most effective therapy now for activating
anti-tumor immunity is to block the suppressive immunoregulatory
proteins such as immunocheckpoint ligands and receptors. Tumor
immunotherapy has become a hot spot since the emergence of inhibitors
of programmed cell death protein-1 (PD1/CD279). Blocking the
PD1/PD-L1 signal pathway with anti-PD1/PD-L1 monoclonal antibody
has shown excellent anti-tumor efficacy in a variety of solid tumors. In
CRC tumor microenvironment, PD1 is up-regulated in CD8þ T cells,
resulting in the disturbance of cytokines and perforin production [8, 9].
The expression of PD-L1 in CRC cells in tumor microenvironment is
inversely proportional to T cell density. PD1 expression was found in
CD4þ and CD8þ T cells in peripheral blood of CRC patients after surgery,
which was associated with the impaired T cell function [10]. These
.
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reports show that blocking the PD1/PD-L1 pathway is a feasible treat-
ment strategy for CRC.

Genetic immunotherapy is one of the hotspots in cancer immuno-
therapy research. In cancer genetic immunotherapy, a gene fragment
encoding a tumor protein is inserted into the multiple cloning sites in a
eukaryotic expression plasmid, and the encoded exogenous proteins can
be expressed in the host cells and bind to MHC class I and II molecules in
the form of endogenous peptides, thus induce specific immunity, espe-
cially cellular immunity, to tumor cells expressing related proteins [11,
12]. However, due to the low expression of MHC class I molecules in
tumor cells, the lack of co-stimulatory signals, and the lack of immune
factors associated with synergistic anti-tumor effects through multiple
signaling pathways, these genetic vaccines are unsuccessful to induce
effective anti-tumor immune responses to kill tumor cells. At present,
therapeutic methods with combined multiple synergistic immunoregu-
latory genes are being developed from initially single tumor gene for
tumor immunotherapy. For example, tumor vaccines that combine tumor
specific antigens with co-stimulatory molecules and cytokines which
activate multiple signaling pathways can induce tumor specific immunity
and enhance immune responses. The combined genetic vaccines are a
new strategy for tumor immunotherapy [13, 14].

Carcinoembryonic antigen (CEA) is a promising tumor immuno-
therapy target, and CEA-derived vaccine has been used to activate B cells
and T cell immunity [15, 16]. Carcinoembryonic antigen-related cell
adhesion molecule 6 (CEACAM6), like CEA, belonging to the
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carcinoembryonic antigen gene family and immunoglobulin superfamily,
is located in the q13.2 zone of the chromosome 19 and encodes CEA-
CAM6 protein containing 344 amino acids on the cell membrane surface.
Many experiments show that CEACAM6 plays important roles in tumor
cell adhesion, inhibition of apoptosis, differentiation blockade, cell po-
larity loss, invasion and metastasis [17, 18, 19]. CEACAM6 is also
involved in tissue structure and colon cell differentiation [20]. In re-
searches of colorectal cancer, the expression of CEACAM6 has been found
to be associated with tumor stages and lymph node metastasis, and the
risk of postoperative recurrence can be classified according to the degree
of its expression, thus CEACAM6 up-regulation is considered to be an
independent predictor of poor survival in colorectal cancer patients [21].
Therefore, CEACAM6 is a better tumor marker than CEA and may be a
more promising target for the therapy of solid tumors.

4-1BB, also known as CD137, a type I glycoprotein and a member of
tumor necrosis factor receptor superfamily, was first identified in
research using ConA to activate helper and cytotoxic T cell receptors
[22]. 4-1BB is a co-stimulatory receptor to activate T cells after tumor cell
antigen recognition. 4-1BB/4-1BBL are a pair of important
co-stimulatory molecules, which can enhance immune responses to
various antigens, and co-stimulate the production of T cell-related cyto-
kines and the proliferation, maturation and survival of T cells [23, 24,
25]. Studies have shown that 4-1BB is expressed in many immune cells
besides T cells and its natural ligand 4-1BBL and agonists such as
agonist-like antibody can induce strong anti-tumor responses of many
cell types, and thus it has been widely used in the development of
anti-tumor immunotherapy [26]. The expression level of 4-1BB was
directly correlated with CRC staging and degree of infiltration [27]. The
expression of 4-1BBL is low in colon cancer tissue, which leads to
weakened interaction between T cells, macrophages and tumor cells, thus
causing immune escape. 4-1BB agonist is effective in the treatment of
CRC with liver metastasis. Previous studies have shown that recombinant
attenuated Salmonella typhimurium containing the 4-1BBL gene induces
high levels of 4-1BBL expression in dendritic cell and other immune cells
[28]. Vaccination with the 4-1BBL gene vaccine has been shown to
inhibit the development of CRC in rats via enhancing T cell immunity
[29]. However, the efficacy of genetic vaccine including CEA-
CAM6/4-1BBL genes combined with immunocheckpoint inhibitor on
CRC has not been reported.

Recombinant attenuated intracellular bacteria, such as Salmonella and
Shigella, can deliver nucleic acid vaccines via spontaneous mucosal in-
fections [30]. Attenuated Salmonella typhi enters tumor cells through type
III secretion system, and the bacterial-derived antigens after lysis can be
expressed on the surface of tumor cells to arouse anti-tumor immune
effect [31]. Attenuated Salmonella typhimurium, as a good delivery
vehicle for gene vaccines, has become a development concern for
gastrointestinal cancer vaccine therapy [32, 33]. In our previous studies,
we introduced the constructed eukaryotic expression plasmid containing
CEACAM6 and 4-1BBL genes into attenuated Salmonella typhimurium
3261 (SL3261) and obtained a stable transformation strain, and used it
for the treatment of dimethylhydrazine (DMH)-induced intestinal tumor
in rats and achieved significant therapeutic effect [34, 35]. It was found
that the bivalent vaccine could increase the infiltration of CD3þ T cells,
CD8þ T cells and NK cells, enhance T cell activity, decrease the infil-
tration of regulatory T cells, promote Th1 polarization, and inhibit Th2
and Th17 polarization, stimulating specific and non-specific anti-tumor
immune responses. Therefore, we assume that enhancing anti-tumor
immunity with bivalent genetic vaccine may promote the tumor have
local immunogenicity and become immunologically “hot tumor”, and
combining it with PD1 inhibitor may improve the efficacy of anti-tumor
immunotherapy.

In this study, mouse colon cancer MC38 cells were used to establish a
heterotopic tumor mouse model, and [89Zr]-labeled PD-L1 antibody was
used for imaging. The eukaryotic expression plasmid containing CEA-
CAM6/4-1BBL genes was introduced into the SL3261 to obtain stable
transformation strain, and then anti-tumor immunotherapy and
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observation were carried out with combination of the genetic bivalent
vaccine and anti-PD1 antibody. At the same time, microPET was per-
formed to monitor the changes of tumor tissues and the expression of PD-
L1, so as to non-invasively and dynamically observe and evaluate tumor
and therapeutic effect of the combined immunotherapy.

2. Materials and methods

2.1. Construction and identification of double-gene plasmids

The plasmids were purchased from Clontech Laboratories, Inc.
(Mountainview, CA, USA). Construction, amplification and extraction of
pIRES-CEACAM6-4-1BBL double gene plasmid were reported in our
earlier reports [34, 35]. The selection of splicing enzymes and the
identification of plasmid are very important since this is a double-gene
combined vaccine. Enzyme contamination should be avoided in trans-
formation, and the transformation and detection conditions should be
optimized by housekeeping gene as positive control. The transformed
bacteria E. Coli should be coated to a flat plate to disperse into single
bacterium colonies, and cultured under suitable conditions. When a
single bacterium grows into a colony, finally select the cloned bacteria for
extraction and identification.

2.2. Transfection of genetically modified plasmids

Method for eukaryotic expression system transfection is as previously
published methods [34, 35]. COS7 cell line was purchased from Amer-
ican Type Culture Collection Center (Manassas, VA, USA; ATCC Number:
CRL-1651). The COS7 cells were transfected with liposome. COS7 cells
were cultured in DMEM medium containing 10% fetal bovine serum
(FBS) (Gibco, Grand Island, NY), taken in logarithmic growth phase,
digested with trypsin, and inoculated into 6-well culture plate in a 5%
CO2 incubator at 37 �C for 24 h (the cell growth density was 80%–90%).
The extracted plasmids were transfected into COS7 cells with Lipofect-
amine2000 liposomes (Invitrogen), and the control group was treated
with the same amount of blank liposomes. The transfection procedure
was in accordance with the instructions of Lipofectamine2000 Reagent
kit.

2.3. Polymerase chain reaction (PCR)

Reverse transcript (RT)-PCR identification of objective genes was
performed. The total RNAwas extracted with Trizol reagent, purified and
the concentration was adjusted, then the cDNA was generated by reverse
transcription. Reaction system: total RNA 2 μL, RNase inhibitor 0.5 μL,
oligo-dT18 2 μL, cooling on ice after 65 �C for 5 min; then 5� RT buffer 4
μL, 10 mM dNTPs 2 μL, RNase inhibitor 0.5 μL, M-MLV reverse tran-
scriptase 1 μL, and double distilled water were added to total volume of
20 μL; after 1 h at 37 �C and 10 min at 70 �C, the system was cooled on
ice. All the used primers were synthesized by Shanghai Bioengineering
Co., Ltd. CEACAM6 gene forward primer: 5-CAGAGCCAAACAACAGAT-
3; reverse primer: 5-CATTATTACTTATGCTGACCT-3. 4-1BBL gene for-
ward primer: 5-GCTCTAGAGCCACCATGGACCAGCACGCACTTG-3;
reverse primer: 5-GGCGGCCGCGTCATCCCTGAGGGGGGTC-3. PCR re-
action system: 10� buffer 5 μL, Mg2þ solution 4 μL, dNTP 1 μL, forward
primer 1 μL, reverse primer 1 μL, Tag enzyme 0.3 μL, template cDNA 3 μL.
Reaction conditions: pre-denaturation at 95 �C for 10 min; 95 �C for 20 s,
52 �C for 30 s, 72 �C for 1 min, 35 cycles; more extension at 72 �C for 7
min, and 4 �C forever. Agarose gel electrophoresis was performed with
PCR products 15 μL and DNA marker 5 μL, and the results were observed
and analyzed by Gel imaging and analysis system (HUADIAN DH2000).

2.4. Protein expression and Western blot identification

After transfection with double-gene plasmids, COS7 cells were
cultured at 37 �C for 4 h, and then changed to fresh DMEM containing
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10% FBS. A plasmid-free negative control group was established. Cells
were collected for test 48 h after transfection. The cells were mixed
within ice-precooled protein lysates (l mM PMSF, pH7.4), broken up by
ultrasonic cracker, centrifuged at 4 �C, 12000 rpm for 15 min, and the
supernatant was taken for loading sample preparation and Western
blotting assay. Antibodies used: anti-4-1BBL mouse monoclonal antibody
(sc-398933, Santa cruz, 1:1000), anti-CEACAM6 rabbit monoclonal
antibody (ab235139, Abcam, 1:1000), anti-PD-L1 rabbit polyclonal
antibody (ab233482, Abcam, 1:1000), and anti-GAPDH mouse mono-
clonal antibody (ab125247, Abcam, 1:5000), and secondary antibodies
(Beyotime Biotechnology). The follow-up WB method was as reported
[36].

2.5. Transformation of attenuated SL3261 with recombinant plasmids

Attenuated SL3261 was primarily provided from the laboratory of
Professor Stocker of Stanford University (Stanford, CA, USA) and then on
conserved in our laboratory. SL3261 bacteria in 10% glycerol stored at
�80 �C was inoculated into non-resistant LB plate and cultured at 37 �C
for 18 h. The selected single colony was cultured in 2 mL LB at 37 �C for
12 h with oscillation, and inoculated in 50 mL LB in 1:100 dilution and
oscillated until the OD600 was about 0.4. The bacterial culture was
transferred into a 50 mL aseptic centrifuge tube in ice for 20 min,
centrifuged at 4 �C at 3000 rpm for 10 min, and the supernatant was
discarded. Add pre-cooled sterile deionized water to resuspend the bac-
teria, centrifuge at 4 �C at 3000 rpm for 10 min and discard the super-
natant; repeat this procedure twice to wash the bacteria fully. Ice-cold
10% glycerol was used to suspend the bacteria, and centrifuge at 4 �C at
3000 rpm for 10 min and discard the supernatant. The bacteria were
suspended in 2 mL pre-cooled 10% glycerol and packed in pre-cooled EP
tube (150 μL) for use or store at -80 �C. Susceptible Salmonella SL3261
150 μL was added into pre-cooled 2 mm electro-conversion cup, 1 μL
empty carrier plasmids or recombinant expression plasmids were added
and fully mixed, resting in ice-bath for 30 min. The parameters of the
electro-converter were as follows: voltage 2500 V, resistance 200 Ω,
capacitance 25 F. Take out the electro-conversion cup and dry the water
on the outside before electro-transformation. After electro-
transformation, 500 μL LB preheated at 37 �C was added immediately.
The bacteria-containing liquid was transferred into EP tube, and cultured
in a shaker at 37 �C and 100 r/min for 1 h. Centrifuge the culture at 4000
rpm for 5 min, discard the supernatant, resuspend the bacteria, coat them
into LB plate with ampicillin, and incubate overnight at 37 �C. Positive
clones were picked out and the bacteria were amplified. Three clones
were inoculated into 4 mL LB medium containing ampicillin, incubated
at 37 �C and 180 rpm in a shaker overnight, and plasmids were extracted
and identified by PCR.

2.6. Animals and MC38 tumor model

SPF-grade C57BL/6 female mice, aged 6–8 weeks, were obtained
from Beijing Vital River Laboratory Animal Technology Co., Ltd., and
kept in clean animal room of Jiangsu Institute of Parasitic Diseases. The
temperature was maintained at 24� 2 �C, the relative humidity was 60%
� 5%, and the light/dark cycle was 12/12 h. The bedding, drinking water
and food were all sterilized. The feeding, body hair and activity of the
animals were observed, and the body weights of the mice were measured
weekly. All experiments with animals of this study were approved by the
Animal Care and Research Ethics Committee of the Wuxi Hospital affil-
iated to Nanjing University of Chinese Medicine. Culture and modeling
injection of mouse colon cancer cell line MC38 cells was based on
reference [37]. MC38 cells were cultured in RPMI-1640 medium (Invi-
trogen, Carlsbad, CA) supplemented with 10% FBS and 1%PS (100 U/mL
penicillin and 100 μg/mL streptomycin) at 37 �C and 5% CO2. MC38 cells
were injected subcutaneously into the medial left forelimb of mice.
Briefly, 1 � 106 cells of MC38 cells were injected for one mouse. The
growth of MC38 heterotopic tumor was observed by microPET scans 1
3

week after model establishment. Xenograft tumor sizes of the model mice
were measured every two days. Short and long tumor diameters, tumor
volume, and body weight were measured. When the xenograft tumor
grew to a volume of 150–200 mm3, the mice were used for PET imaging
study. Drugs were given at about two weeks after the model
establishment.
2.7. Grouping and treatment

According to microPET scanning results, the CRC model mice were
equally divided into three groups, the control group, the pIRES-
CEACAM6-4-1BBL/SL3261 group, and the pIRES-CEACAM6-4-1BBL/
SL3261 þ anti-PD1 antibody group. The control group mice were given
vehicle, and the other two groups were given the prepared bivalent
vaccine of pIRES-CEACAM6-4-1BBL/SL3261 0.2 mL (109 stable trans-
formants/mL) per mouse. All the mice were deprived of water for 2 h
before vaccine administration via gavage. The anti-PD1 antibody Nivo-
lumab solution (2 mg/mL) was administered by tail vein injection at a
dose of 20 mg/kg. All mice were therapeutically administrated according
to grouping two weeks after the modeling transplantation injection. Then
the mice were scanned with microPET imaging, and after the last scan-
ning, the mice were anesthetized with 2% pentobarbital sodium at 65
mg/kg intraperitoneally. After that, the mice were executed by disloca-
tion of cervical vertebra and the tissues were harvested for analysis.
2.8. Immunohistochemical (IHC) assay

The tumor tissues (including the tumor and its surrounding normal
tissue) were taken and immersed in 10% neutral formalin. After dehy-
dration, diaphaneity, wax dipping and embedding, the specimens were
sectioned to 5 μm slices. The IHC staining (with anti-PD-L1 rabbit poly-
clonal antibody and anti-PD1 rabbit monoclonal antibody, ab228857,
Abcam, 1:100) and hematoxylin (AppliChem Inc.) re-staining were per-
formed on the paraffin slices. The routine procedures were according to
reports [35, 38]. After the slices were sealed with neutral gum, patho-
logical examination was carried out under Olympus BX53 microscope
(Olympus Co.).
2.9. MicroPET imaging

The preparation of PD-L1 antibody labeled with Zirconium-89 ([89Zr]
KN035), and its purity and stability in vitro were studied by molecular
weight exclusion and radioactive high-performance liquid chromatog-
raphy (radio-HPLC). The in vitro stability of the labeled product [89Zr]
KN035 was tested, and the radiochemical purity at each time point was
used as the reference data of in vitro stability. About 400 μL purified
[89Zr]KN035 was placed at 4 �C for different time, and its stability in
buffer solution was determined by radioactive HPLC. The time points
were 6, 24, 48 and 98 h. Then microPET scanning was conducted. Six
tumor-bearing mice were selected according to the size and state of the
tumor. The microPET scanning method was the same in each group, and
the details were as follows: whole body was scanned at 6 different time
points after tail vein injection of the tracer, the time points were 4, 24, 48,
72, 96 and 120 h after tracer injection. The animals were placed prone on
the scanning bed and anesthetized with 2% isoflurane (oxygen flow rate:
300 mL/min) during the scanning.

In the process of microPET scanning, the detailed information such as
animal weight, initial injection dose and measurement time, injection
time, residual dose and measurement time, scan time at different time
points were recorded accurately on the original recording form. The data
of microPET scans were iteratively reconstructed by OSEM 3D method,
iteration for twice. The thickness was 0.50 mm, the Matrix was 280 �
280, and the energy window was 350–650 keV.The reconstructed data
were analyzed by PMOD software, and the regions of interest (ROIs) were
delineated as tumor, heart, liver, kidney and brain. The following for-
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mula was used to calculate the percentage of injected dose per gram (%
ID/g) values of each organ ROI at different time points.

%ID
�
g ¼ radiouptake in ROI ðμCi=gÞ

injection dose ðμCiÞ � 100

2.10. Statistical analysis

SPSS 19.0 (SPSS Inc.) software was used for all statistical analysis.
The quantitative data were expressed as “mean � SD”. Nonparametric
Wilcoxon test was used to evaluate the grade data. T-test was used for the
difference comparison between two groups. One-way analysis of vari-
ance (one-way ANOVA) was used for the comparison between groups,
and repeated-measure sample ANOVA was used to do the variance
analysis of repeated measurements. The difference was considered sta-
tistically significant when P < 0.05.

3. Results

3.1. Identification of CEACAM6 and 4-1BBL gene expression

We have previously demonstrated that transformed SL3261 con-
taining both CEACAM6 and 4-1BBL genes can induce transgenic
expression of bivalent exogenous antigens in vivo and enhance specific
and non-specific anti-tumor immune responses, resulting in suppression
of tumor growth in experimental CRC model of rats [34, 35]. Construc-
tion of the double gene plasmids and identification of the expression of
CEACAM6 and 4-1BBL were as follows. 48 h after transfection, the
expression of CEACAM6 and 4-1BBL genes carried by recombinant
plasmids in COS7 cells was detected. COS7 cells transfected by the empty
vector plasmid and the recombinant genetic plasmid were identified by
RT-PCR. Specific bands of 750–1000 bp (801, 930 bp) were found in the
genetically transfected cells by 1% agarose gel electrophoresis under UV
light, and there were corresponding specific bands in the positive control
group but not in the vector plasmids or negative group (Figure 1A).
Previous study also showed that CEACAM6 and 4-1BBL genes can be
effectively transfected into eukaryotic cells and express antigens suc-
cessfully [34]. Western blotting assay showed that the recombinant
double-gene plasmids were stably expressed in COS7 cells, and Figure 1B
shows the molecular weight and abundance of each expressed protein. As
shown in Figure 1C, expression of 4-1BBL and CEACAM6 proteins in the
Figure 1. Identification and expression of CEACAM6/4-1BBL double genes in
CEACAM6/4-1BBL double genes expression in COS7 cells 48 h after transfection. La
pIRES-CEACAM6; 3–4, COS7 cells transfected with pIRES-CEACAM6/4-1BBL; 5, CO
nothing (negative); 7–8, positive control of pIRES-CEACAM6/4-1BBL plasmids. 4-1BB
reverse primer: 5-GGCGGCCGCGTCATCCCTGAGGGGGGTC-3. CEACAM6: 801 bp; fo
TATGCTGACCT-3. Primary uncropped image of (A) is shown in supplementary Fig
CEACAM6/4-1BBL proteins in COS7 cell line 48 h after transfection. Control: COS7 ce
with pIRES-CEACAM6/4-1BBL plasmids. (C) Western blotting images showing the ex
mice treated or not treated with the bivalent genetic vaccine of pIRES-CEACAM6-4
images of (B) and (C) are shown in supplementary Figure S2.
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intestine and tumor tissues of mice obviously increased after treatment
with the bivalent genetic vaccine pIRES-CEACAM6-4-1BBL/SL3261.

3.2. PD-L1 expression in mouse MC38 heterotopic tumor

In order to evaluate whether the MC38 tumor mouse model we
established was suitable for anti-PD1/PD-L1 drug therapy, and whether
the 89Zr-labeled anti-PD-L1 antibody can be used as a tracer for microPET
imaging observation of the tumormodel, we examined the expression level
of PD-L1 protein in MC38 heterotopic tumor model of mice. As is shown in
Figure 2A and B, through both Western blotting and immunohistochem-
istry assays, we found that the PD-L1 expression inMC38 tumor tissues was
very obviously up-regulated when compared with that of the normal tis-
sues (normal tissue samples adjacent to tumor). These results suggest that
anti-PD1/PD-L1 drug is suitable for this tumor model, and 89Zr-labeled
anti-PD-L1 antibody can be used in the whole-body PET imaging for non-
invasive and dynamic observation of this model in vivo. As shown in
Figure 2C, Western blotting result indicated a low expression of PD-L1 in
the intestine, and relatively higher distributions in the heart and liver.

3.2.1. MicroPET imaging of PD-L1 in MC38 heterotopic mice
We used 89Zr-labeled anti-PD-L1 antibody ([89Zr]KN035) as imaging

tracer for the whole-body microPET scanning of the mice transplanted
with MC38 heterotopic tumor. Representative microPET coronal images
of the tumor-bearing mice at different time points are shown in
Figure 3A. The PMOD software was used to delineate the regions of in-
terest (ROIs) such as the heart, liver, lung, kidney and tumor, and the
scanned data were used to calculate the radiation uptake values (%ID/g,
SUV) of the ROIs. The analyzed statistical results of the SUV-mean values
(mean � SD) of several major tissue ROIs at different time points (2, 4,
24, 72, 96, 120 h) are shown in Figure 3B. We found that the uptake of
[89Zr]KN035 in tumor tissue (SUV-mean at 4 h, n ¼ 4, 0.631 � 0.147)
was relatively low and was lower than that in the heart (2.876 � 0.313),
liver (2.005� 0.098) and kidney (1.761� 0.081). This may be related to
PD-L1 expression or initial distribution of tracer in blood and metabolic
organs. Uptakes in the heart and liver then diminished continuously from
the beginning (from 2 h to 120 h). However, the uptake of [89Zr]KN035
in tumor tissue was then accumulated and relatively stable, and it
maintained at a higher level after 24 h and lasted at least 120 h (24 h,
1.062� 0.182; 72 h, 1.172� 0.133; 96 h, 1.065� 0.084; 120 h, 1.007�
0.132), indicating possible redistribution of radioactive tracer from
normal organs to tumor.
COS7 cells. (A) The result of reverse-transcription PCR for identification of
ne 1, COS7 cells transfected with pIRES-4-1BBL; 2, COS7 cells transfected with
S7 cells transfected with pIRES vector plasmids; 6, COS7 cells transfected with
L: 930 bp; forward primer: 5-GCTCTAGAGCCACCATGGACCAGCACGCACTTG-3;
rward primer: 5-CAGAGCCAAACAACAGAT-3; reverse primer: 5-CATTATTACT-
ure S1. (B) Representative Western blots showing the successful expression of
lls transfected with vector plasmids. Double-gene plasmid: COS7 cells transfected
pression of 4-1BBL and CEACAM6 proteins in the intestine and tumor tissues of
-1BBL/SL3261. GAPDH was used as an internal reference. Primary uncropped



Figure 2. Expression of PD-L1 protein in MC38 tumor
tissue of mice. (A) Western blotting result showing the
expression of PD-L1 in MC38 tumor tissue and normal tissue
from mice 12 days after heterotopic tumor transplantation,
which demonstrates overexpression of PD-L1 in MC38 tumor
compared with non-tumor tissue. Normal tissue: normal tissue
samples adjacent to tumor. MC38 tumor: MC38 heterotopic
tumor tissue samples. (B) Immunohistochemical assay result
showing the expression and distribution of PD-L1 in MC38
tumor tissue. Normal tissue: normal tissue sample adjacent to
tumor, which was PD-L1(�). MC38 tumor: MC38 tumor tissue
of the model mice, which was PD-L1(þ). Purple, hematoxylin
staining for cell nucleus; brown, anti-PD-L1 staining. Scale
bars, 100 μm. (C) Western blots showing the expression of PD-
L1 in some normal organs (the intestine, heart, and liver) of
mice, which indicated relatively high expression levels of PD-
L1 in the heart and liver. Primary uncropped images of (A)
and (C) are shown in supplementary Figure S3.
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4. Efficacy of PD1 antibody in combination with CEACAM6/4-
1BBL vaccine

Then we examined the efficacy of the therapeutical combination of
pIRES-CEACAM6-4-1BBL/SL3261 vaccine and anti-PD1 antibody Nivo-
lumab (20 mg/kg in mice). Treatments and observation were started
from 14 days after the MC38 heterotopic tumor transplantation injection.
We investigated the tumor development of the treated group mice by
tumor volume evaluation, [89Zr]KN035 PET imaging, and assessment of
immunohistochemical indicators. As is shown in Figure 4A, we found
that the tumor volumes of the vaccine alone group grew slower than that
of the control group during the first several days, but the gap between the
two groups got narrowed in the following days, and there was no sig-
nificant difference between the two groups considering time factor (p ¼
0.165). However, the tumor volume growth of the combined immuno-
therapy group mice was almost totally suppressed during the entire 12-
day observation period (p < 0.001 vs. control, p ¼ 0.048 vs. vaccine
group) (total comparison result of the three groups by repeated-measure
sample ANOVA, F ¼ 45.794, p ¼ 0.000232; n ¼ 4 mice for each group).
Figure 4B shows the representative isolated xenograft MC38 tumors of
the control (2490 mm3), vaccine (2147), and combined immunotherapy
5

(1181) groups. This result suggests that the combined immunotherapy
has dramatic improvement in antitumor effectiveness.

4.1. Drug efficacy of combined immunotherapy imaged by [89Zr]KN035
PET

After 14 days of treatment, we investigated the tumor radioactive
uptake by microPET imaging with the formerly used tracer [89Zr]
KN035. The representative microPET images before and after tumor
immunotherapeutic treatment with the bivalent genetic vaccine and
anti-PD1 antibody are shown in Figure 5A. We calculated and
compared the normal tissues and tumor uptake values (%ID/g, SUV) of
the model mice to evaluate effect of the combined immunotherapy on
tumor development. As is shown in Figure 5B, the radioactive uptake
(SUV-mean) of the tumor area ROIs was significantly decreased after
14 days of treatment with the combination of pIRES-CEACAM6-4-
1BBL/SL3261 vaccine and anti-PD1 antibody Nivolumab (n ¼ 4 for
each group; SUV-mean at time point of 24 h: pre-treatment, 1.141 �
0.168; post-treatment, 0.415 � 0.104, P ¼ 0.006 vs. pre-treatment),
indicating the efficacy of the combined therapy for MC38 tumor.
There were also significant differences in the lung (48 h: pre-treatment,



Figure 3. MicroPET imaging with [89Zr]KN035 in MC38
tumor model mice. (A) Representative [89Zr]KN035 PET
imaging results showing the dynamic distribution of PD-L1 in
mice at different time points after tracer injection from 1 week
post-transplantation. [89Zr]KN035, 89Zr-labeled anti-PD-L1
antibody KN035. Arrows, heterotopic tumors; scale bar, 1
cm. (B) Statistical results of the radioactive uptake of [89Zr]
KN035 and PD-L1 distribution in different regions of interest
(ROIs) at several time points after injection in mice (n ¼ 4).
SUV-mean, mean standard radioactive uptake values.
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0.594 � 0.077; post-treatment, 0.880 � 0.085, P ¼ 0.018) and espe-
cially in the liver (96 h: pre-treatment, 1.179 � 0.039; post-treatment,
1.609 � 0.112, P ¼ 0.0007) between pre-treatment and post-treatment.
These changes may be related to the pathology, therapy and metabolic
state of the mice.

4.2. Changed PD1/PD-L1 expression in tumor tissues after genetic
immunotherapy

We also examined the tumor development in mouse model by means
of assessment of tumor biochemical indicators, such as PD1 and PD-L1.
The expression of PD1/PD-L1 immunocheckpoint proteins is an impor-
tant biomarker for the applicability of anti-tumor immunotherapy and
tumor drug resistance. As shown in Figure 6A and B, after treatment for
14 days, the expression of PD1/PD-L1, especially PD1, was up-regulated
by the treatment with vaccine alone in the MC38 tumor tissue of the
model mice, but the expression levels of PD1 and PD-L1 in the combined
therapy group were significantly lower than the vaccine alone group
(Figure 6B; mean integral optical density of PD1: Control, 7.2993 �
0.5763; Vaccine alone, 19.6617 � 3.1214, P < 0.001 vs. Control; Com-
bined therapy, 5.192 � 0.4405, P < 0.001 vs. Vaccine alone. PD-L1:
Control, 12.094 � 1.1753; Vaccine alone, 15.6423 � 2.445, P ¼ 0.039
vs. Control; Combined therapy, 11.7043� 1.8761, P¼ 0.045 vs. Vaccine
6

alone; n ¼ 3). These results suggest that combined immunotherapy with
anti-PD1 drugs may reduce drug resistance of tumor and expand the
range of indications.

5. Discussion

In this study, we constructed eukaryotic expression vector carrying
CEACAM6/4-1BBL genes and introduced it into attenuated SL3261 to
obtain a stable transformation strain. In order to explore the anti-tumor
efficacy of this bivalent attenuated SL3261 vaccine combined with PD1
inhibitory antibody, MC38 cell line was used to establish a heterotopic
tumor-bearing mouse model, and the anti-tumor immune function and
anti-tumor therapeutic effect of the combined immunotherapy on mice
were studied. The expression of PD-L1 in tumor tissue was detected by
PET/CT imaging with [89Zr]KN035 as tracer before and after treatment
in all experimental animals, and the expression of PD-L1 and PD1 was
also detected by Western blots and IHC. This study, together with our
previous findings, preliminarily proves that this new combined immu-
notherapy can enhance the cellular immune function of the body and
inhibit the growth of CRC tumor, and provides experimental and theo-
retical basis for the application of CEACAM6 and 4-1BBL bivalent genetic
vaccine transfection and combined anti-tumor immunotherapy in the
treatment of CRC.



Figure 4. Drug efficacy of anti-PD1 antibody combined
with CEACAM6/4-1BBL genetic vaccine. (A) Statistical
result of the therapeutical effect of CEACAM6/4-1BBL vaccine,
and PD1 antibody (Nivolumab) combined with vaccine, on the
growth of MC38 heterotopic tumor in mice (averages of tumor
volume ratios, and SD). Treatments started at 2 weeks after
heterotopic tumor transplantation. Control, given vehicle.
Vaccine, given the bivalent vaccine of pIRES-CEACAM6-4-
1BBL/SL3261 alone. Combined, treated with bivalent vac-
cine and PD1 antibody (Nivolumab, 20 mg/kg) together. (B)
Representative images of isolated MC38 tumors of the control
(2490 mm3), vaccine (2147), and combined immunotherapy
(1181) groups. N ¼ 4 per time point. ***P < 0.001, Combined
vs. Control; #P < 0.05, Combined vs. Vaccine.

Figure 5. Anti-tumor efficacy of the combined immunotherapy imaged by [89Zr]KN035 PET. (A) Representative microPET imaging results of the MC38 het-
erotopic tumor mice with [89Zr]KN035, showing the decrease in tumor [89Zr]KN035 uptake and reduced areas of heterotopic tumor. Pre-treatment group, injected
with tracer after 7 days of heterotopic tumor modeling, and PET scanned at 24 h, 48 h and 96 h after tracer injection. Post-treatment, scanned at the same time points
post tracer injection after 14 days of combined treatment. Arrows, heterotopic tumors; scale bar, 1 cm. (B) Statistical result about the effect of the combined
immunotherapy on tumor tissue radioactive uptake by [89Zr]KN035 PET imaging. SUV-mean, mean standard radioactive uptake value. N ¼ 4 per group. *P < 0.05,
**P < 0.01, and ***P < 0.001 vs. Pre-treatment.
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Our previous studies have demonstrated that attenuated SL3261
containing CEACAM6/4-1BBL genes given via gastric lavage can express
the recombinant proteins in CRC model animals and increase the activity
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and invasion to tumor tissues of CD3þ, CD8þ T cells and natural killer
(NK) cells, decrease the infiltration of regulatory T cells and the number
of Foxp3þ T cells, promote Th1 polarization and inhibit Th2 and Th17



Figure 6. Tumor tissue PD1/PD-L1 expression after
treatment with CEACAM6/4-1BBL vaccine and anti-PD1
immunotherapy. (A) Representative immunohistochemical
images showing the expression of PD-1 and PD-L1 in MC38
tumor tissue after treatment. Control, given vehicle; Vaccine
alone, given the bivalent vaccine; Combined immunotherapy,
given bivalent vaccine and anti-PD1 drug (Nivolumab). Tissue
samples were collected at 2 weeks after treatments. Purple,
hematoxylin staining for nucleus; brown, anti-PD1 or anti-PD-
L1 staining. Scale bars, 100 μm. (B) Statistical results of the
mean integral optical density (MIOD, IOD/Area) of the IHC
images. N ¼ 3 per group. *P < 0.05, ***P < 0.001 vs. Control;
#P < 0.05, ###P < 0.001 vs. Vaccine alone.
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polarization, producing specific and non-specific anti-tumor immune
responses and inhibiting the growth of colorectal tumor [34, 35]. PD1
inhibitors, as immunotherapy drugs, have been used in clinical practice
and have a clear effect on specific tumors, which provides a basis for
combined immunotherapy. In accordance with the previous research
results, this study found that the bivalent genetic vaccine SL3261 can
effectively transfer foreign genes into eukaryotic cells and express pro-
teins. This gene vaccine can inhibit tumor growth, and the effect is
stronger when combined with anti-PD1 drugs. Our in vitro expression and
identification of the recombinant pIRES-CEACAM6-4-1BBL eukaryotic
expression vector was as previous. The pIRES-CEACAM6-4-1BBL plasmid
was transfected into COS7 cells by liposome and the cells and culture
supernatant were harvested on the third day, and RT-PCR was used to
examine the transcription of target genes in transfected cells and WB
assay was used to detect the expression of CEACAM6 and 4-1BBL in the
culture supernatants. Our experiments proved that bivalent attenuated
SL3261 vaccine containing eukaryotic expression plasmids can inhibit
CRC and MC38 tumor growth by enhancing anti-tumor cell immunity
and breaking the immunosuppressive microenvironment [34, 35].

Previous research has revealed part of the immunological mechanism
for the bivalent vaccine against CRC, and we can draw consistent con-
clusions from this study. At the same time, we found that the gene vac-
cine treatment could increase the expression of PD1, perhaps in a
compensatory manner. It may promote tumor immune escape and
tolerance to immunotherapy, and on the other hand, it may also convert
“cold” tumor to “hot” tumor, which provides a prerequisite for the
effectiveness of tumor immunotherapy such as PD1 inhibitors. The re-
sults of this study provide a theoretical basis and a reasonable explana-
tion for the efficacy of anti-PD1 drugs combined with bivalent genetic
vaccineSL3261. Salmonella is a Gram-negative bacterium and anaerobe,
and is itself a natural immune adjuvant that can induce inflammatory
response and enhance immune function. Whereas tumor tissue is rich in
nutrients and metabolically robust, and additionally the rapid growth of
tumor leads to a lack of local blood supply and an anaerobic area, these
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enable Salmonella to accumulate and proliferate in tumor tissue [39]. In
addition, Salmonella has a direct tumor-lytic effect, and attenuated strains
have a better targeted colonization to antigen presenting cells (APCs)
[40, 41]. Exogenous genes with attenuated Salmonella typhimurium as
vector can selectively express proteins in APCs (including macrophages,
dendritic cells) and tumor tissues to enhance specific and non-specific
immunity against tumor. Therefore, the genetic vaccine carried by
attenuated SL3261 has obvious advantages in anti-tumor genetic
immunotherapy.

Clinical studies have shown that only highly microsatellite-instable
(MSI-H) CRC patients could benefit from immunocheckpoint inhibitors
and these patients only occupy 10% in patients with metastatic CRC, but
90% of the non-MSI-H (MSS/MSI-L) patients cannot benefit from drugs
such as PD1 inhibitors [42, 43]. The reasons for this may be that
non-MSI-H CRC belongs to “non-immunogenic tumor” and it cannot
stimulate anti-tumor immune response, and that the efficacy of PD1 does
not last long and is limited in practical clinical application. Studies have
shown that the benefits of checkpoint inhibitors come from a short revival
of depleted T cells, not a permanent change in their state [44]. Even if the
PD-1 inhibition is maintained, these tumor-specific T cells still need "fuel"
to proliferate and restore effective immune responses. The fuel comes
from co-stimulation based on CD28 molecules. Thus, CD28 on the surface
of T cells may be a clinical biomarker that can predict the efficacy of
anti-PD1 drugs [45]. Efficient means to change a non-immunogenic tumor
to an immunogenic “hot tumor” is combined therapy, which has com-
plementary anti-tumor immune effects, including blockade of the inhibi-
tory signals and activation of the co-stimulatory signals [46, 47]. PD1 is a
critical component in the activation of immune T cells, so PD1 axis in-
hibitors should be the cornerstone of anti-tumor combined therapy. Based
on the complementary effects for T cell activation, drugs such as 4-1BB
agonists, indoleamine 2,3-dioxygenase inhibitors [48] and antibody
drugs are also potential combination drugs. Our therapeutic efficacy study
found that the effect of combined immunotherapy was significantly
improved compared with the genetic immunotherapy.
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Combined immunotherapy, especially targeting at different immu-
nocheckpoints, can better improve the antitumor immune response and
become a promising treatment option [49, 50]. Studies have shown that
targeted therapy combined with multiple immunocheckpoint blockers
can provide long-term antitumor immunity and improve treatment out-
comes in patients with melanoma and non-small cell lung cancer [51, 52,
53]. Blocking both CTLA-4 and PD-L1 can increase anti-tumor immune
activity in IL-15-dependent manner in a mouse model of metastatic CT26
intestinal cancer [54]. The immune system can control the malignant
transformation of cells, which often occurs in the body. According to the
theory of “immune editing”, the immune system can also reshape tumor,
which includes three stages: immune elimination, immune balance and
immune escape [55, 56, 57]. Tumor cells can escape from immune sur-
veillance in many ways, such as deficiency or low expression of
tumor-associated antigens, abnormal antigen presentation, lack of
co-stimulatory signals, T cell incompetence, and abnormal expression of
cytokines. In the study of myeloma, it was found that the CEACAM6
protein on the surface of myeloma cells could bind and cross-link with
cytotoxic T lymphocyte (CTL), thus weakening the activity and causing
nonreactivity of T cells. Neutralizing the CEACAM6 protein with specific
monoclonal antibody or silencing the CEACAM6 gene with siRNA, the T
cells can resume their normal immune response to tumor cells [58].
Accumulating studies have shown that, in addition to secondary
lymphoid tissues, anti-tumor immunity also occurs in the tertiary
lymphoid structures (TLSs) within the tumor, thus restoring the function
of TLSs and its lymphocytes is a promising strategy of antitumor immu-
notherapy [59]. 4-1BB is expressed in many lymphoid cells and its ago-
nists including 4-1BBL induce important co-stimulatory signals and
strong antitumor immune responses [25, 26]. This may explain why the
combined immunotherapy with bivalent genetic vaccine and immu-
nocheckpoint blocker in this study has better antitumor effect in MC38
animal models.

In clinical trials for lung cancer, patients with high expression of PD-
L1 showed better response to PD1 inhibitors [60]. But how to
non-invasively and precisely predict tumor response to PD1 inhibitors,
thus reducing unnecessary drug use and promoting accurate treatment, is
also a problem to be considered. As a non-invasive molecular imaging
method, PET can reflect tumor progression through biological process,
and is also a new quantitative detection method. Small animal PET
(microPET) was designed for the study of human diseases in animal
models [61]. PET can be used for continuous longitudinal study on the
same subject to obtain the whole data of all time points, and realize
non-invasive, dynamic and quantitative observation of physiological and
pathological changes in vivo, which can be used to effectively study the
pathogenesis of diseases and is of great value in the evaluation of curative
effect of treatments [62, 63]. Previous studies have shown that using
89Zr-labeled PD-L1 antibody (KN035) as a tracer, microPET imaging of
the whole body after tail vein injection can accurately identify the
expression of PD-L1 in tumor tissues, thus providing real-time, non-in-
vasive guidance for drug use andmonitoring of therapeutic effect [64]. In
this study, we also observed clear and definite results of PET imaging
with this tracer in MC38 tumor-bearing mice. Moreover, due to the
requirement for combination therapy, we need not only to find reliable
predictors for the use of PD1 inhibitors, but also to be alert to possible
side effects of combined therapies, and therefore, preclinical trans-
formation research in animal models is very important.

Tumor microenvironment is usually immunosuppressive, so it is a
pivotal strategy of tumor immunotherapy to overcome the suppressive
microenvironment by combining immunocheckpoint inhibitors and
tumor vaccine drugs [65]. In accordance with our previous work, we
transfected the CEACAM6 and 4-1BBL genes into APCs in vivo using
SL3261 vector, and this enhanced the specific (CEACAM6) and
non-specific anti-tumor immunity (4-1BBL). This method provides a new
strategy for the study of in vivo APC transfection of tumor-associated
antigen and co-stimulatory molecule genes, and may become a new
approach for the treatment of CRC. Although there are many forms of
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CEA vaccine, CEA cannot successfully stimulate the production of
effective anti-tumor response due to the possibility of immune tolerance
to CEA and the reduction of immune function in tumor-bearing state [16,
66]. After constructing eukaryotic expression plasmid containing both
CEACAM6 and 4-1BBL genes, we gave the attenuated Salmonella typhi-
murium carrying the double genes to MC38 tumor model mice, and with
the combination of PD1 inhibitor, we found that this combined therapy
can enhance the antitumor immune function and improve the thera-
peutic effect on CRC. In addition, micoPET/CT imaging with [89Zr]
KN035was successfully used to monitor the expression of PD-L1 in tumor
tissue and assess the efficacy of combined immunotherapy. Activating
immune system may lead to immune overdrive, such as cytokine storms,
which can have severe adverse effects. It has also been reported that
overexpression of 4-1BB/4-1BBL may be one of the causes of arterio-
sclerosis [67], even though we did not see any difference in the physical
appearance of the mice that were given the bivalent vaccine compared to
the control group. How to make sure that the expression level of genetic
vaccine after transfection can be kept in a moderate range, which can not
only enhance the antitumor immune response, but also avoid obvious
adverse reaction, will become a major issue for future clinical applica-
tion, and this needs further and more detailed studies.

In summary, in this study, the eukaryotic expression plasmid con-
taining CEACAM6/4-1BBL genes, which had been successfully con-
structed in our previous studies, was introduced into the attenuated
SL3261 and stable transformed strain was obtained. The results show
that the bivalent genetic vaccine combined with PD1 inhibitor can
enhance the antitumor immune function and inhibit the growth of tumor,
and this provides support for DNA vaccine intervention combined with
immunotherapy for cancer therapy. By overcoming the immune toler-
ance and suppressive microenvironment, and inhibiting the immune
brake induced by immunocheckpoint activation, this combined immu-
notherapy can effectively inhibit the growth of MC38 tumor, and provide
experimental and theoretical basis for curing CRC with genetic vaccine
and traditional immunotherapy.
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